Flexible and wrinkle-free electrodes for flexible lithium-ion batteries (LIBs) are prepared with a polyurethane (PU) binder by casting a slurry on a glass substrate and detaching the subsequent film after drying. The flexible electrodes do not include a metal-foil current collector that would limit the LIB flexibility. The presence of both soft and hard segments in the PU structure gives the electrodes great flexibility and allows them to be folded without wrinkling or deforming. Adding multi-walled carbon nanotubes (MWNTs) to the electrodes simultaneously enhances the electrochemical properties (discharge capacity, rate capability, and cycling stability) and increases their mechanical strength (tensile strength). The flexible electrodes exhibit excellent electrochemical performance, which may be due to the enhanced electronic conductivity provided by the MWNT network in the electrode. The effects of PU content on the electrochemical performance are also investigated; it is found that a small amount of PU, approximately 11.5 wt%, is sufficient to fabricate the flexible electrode.
Introduction
The market for lithium-ion batteries (LIBs) has recently extended from power sources for small mobile IT devices, such as cellular phones or notebook PCs, to diverse areas including electric vehicles and energy storage systems. One result of this trend is an increased demand for exible LIBs (ex-LIBs) that can meet various design and power requirements for portable electronics including roll-up displays and wearable devices. Active radio-frequency identication tags and integrated circuit smart cards also need exible, or at least bendable, batteries for reliable practical use.
In general, LIBs are generally composed of a cathode and anode, with a separator that is wet with the electrolyte placed between the two electrodes. A conventional electrode includes an active material, conductive agent, and binder, with metal foil used as a current collector. The conventional electrode is not suitable to use for ex-LIBs as the metal foil-based electrode would not function as an electrode any more due to the detachment of the active material or cracks formed in the active material layer during the repeated bending or folding.
1
There have been several reports on free-standing electrode materials prepared from carbon nanotubes (CNTs) for LIBs.
2-4 A very exible and electronically conductive CNT paper electrode fabricated by ltration under pressurized nitrogen was shown to be appropriate for use in ex-LIBs and exhibited better capacity and cycling stability compared with a conventional CNT electrode. 3 Bendable cellulose paper electrodes incorporating CNTs have also been suggested for supercapacitors and batteries; [5] [6] [7] [8] it has been shown that the exibility of such devices can be greatly improved by using a CNT composite. However, the connections among the active materials may be broken during repeated folding or wrinkling. Therefore, soer and more exible materials are required to realize more robust and reliable exible batteries that are indeed foldable and 'wrinklefree'.
Several binders including polyvinylidene diuoride (PVDF), polyethylene oxide (PEO), carboxymethyl cellulose (CMC) and microbrillated cellulose (MFC) have been employed to fabricate exible electrodes. However, high binder content much more than 10 wt% is generally required to fabricate exible electrodes with them.
9-13
It has been reported that the properties of polyurethane (PU) render it suitable for use as a gel polymer electrolyte (GPE), [14] [15] [16] [17] binder, and separator. [18] [19] [20] [21] [22] These properties are derived from the unique chemical and polymeric structure of PU, which consists of a two-phase microstructure of hard and so segments.
23,24
The hard domains provide PU with mechanical strength by hydrogen bonding at the end of the urethane group, while PU is exible and stretchable in the so domains.
25 PU-CNT composites have been studied for use in electrically actuated shape-memory materials, [26] [27] [28] [29] [30] [31] [32] strain sensors, 33, 34 and electrical actuators. 35, 36 In this study, we investigated the use of PU as a binder for ex-LIB electrodes and fabricated free-standing electrodes, containing multi-walled carbon nanotubes (MWNTs), which can be folded or bent.
Experimental

Preparation of the electrodes
Prior to fabrication of the free-standing electrode, we prepared two cathodes comprising an Al-foil current collector on which LiCoO 2 (LCO), Super P, and PU or polyvinyldiuoride (PVDF) binder were cast in order to compare the characteristics of the two binders. The electrodes comprising Al-foil are called 'metalbased electrodes' hereaer. We used LCO (L&F Materials), Super P (Timcal), PVDF (KF 1300, Kureha), and PU (MW ¼ 10 000, Sigma Aldrich) without further purication and the formulation of the electrode slurry in NMP (N-methyl-2-pyrrolidone) was LCO : Super P : binder at 90 : 5 : 5 (wt%). The slurry was cast on an Al-foil with a doctor blade and the amount of LCO on the foil was set to 9.0 mg cm
À2
. Peel-strength tests were performed with mechanical testing equipment (Instron 5960) to estimate the adhesion/cohesion strengths of the metal-based electrodes. Specimens for the peel tests were prepared by cutting an electrode to 20 Â 2.5 cm 2 (L Â W) and 3M tape was then adhered to the electrode. The average load was measured by pulling the tape at a constant rate of 10 mm min
À1
. To prepare the free-standing electrodes containing PU as the binder, an LCO : conductive agent : PU mixture with a 77 : 11.5 : 11.5 (wt%) composition was ball-milled in THF (tetrahydrofuran) for 24 h to make a slurry. A Super P and MWNT (nano-solution) mixture of equivalent weight was used as the conductive agent. The slurry was cast on a glass substrate using a doctor blade and dried at ambient temperature for 30 min. The lm was then peeled off the glass substrate to obtain the free-standing electrode. Fig. 1 shows a schematic of the free-standing electrode, with the MWNTs and PU homogeneously distributed and the vacant spaces lled with LCO and Super P. We also prepared a control free-standing electrode without MWNTs to investigate the effects of MWNT addition; this electrode was composed of LCO : Super P : PU at 77 : 11.5 : 11.5 (wt%). In order to examine the effect of the binder type, another free-standing electrode composed of LCO : Super P + MWNT : PVDF at 77 : 11.5 : 11.5 (wt%) was fabricated, with the slurry dried at 110 C for 30 min in a convection oven. The samples are denoted according to their constituents and composition and summarized in Table 1 along with the fabrication methods.
Electrochemical analysis of the electrodes
First, we tested the compatibility of PU with common organic solvents used in LIB electrolytes and the test results are summarized in Table 2 . Following these tests, a solution of 1.0 M LiBF 4 in propylene carbonate (PC) was chosen as the electrolyte for further work and a glass-bre separator was used. Coin-type half cells (CR2032) were fabricated in an Ar-lled glovebox to investigate the electrochemical properties of the electrodes, with lithium metal used as the counter electrode. The electrochemical measurements were conducted in a 3.0-4.3 V (vs. Li + /Li) potential range, with the cells charged and discharged in constant current (CC)/constant voltage (CV) and CC modes, respectively. The rate capability of the electrodes was examined at various current densities from 0.1 to 5C and the cycling stability of the electrodes was measured at constant current density of 0.5C during charging and 1C during discharging.
Mechanical properties
The stretchability of the free-standing electrodes was estimated using tensile strength measurements conducted with mechanical testing equipment (Instron 5960). The test specimens were prepared at a size of 20 mm (L) Â 10 mm (W) Â 50 mm (T) and pulled at a constant strain rate of 1 mm min À1 until they cracked.
Results and discussion
Effect of binder type and peel strength prepared with PU binder exhibited a higher adhesive strength, by approximately 0.5 N, than that prepared with PVDF. The better adhesive properties of PU compared with PVDF indicates that PU can be used as a polymeric binder for LIB electrodes.
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Electrochemical properties of the metal-based electrodes
Initial charge/discharge curves of the two metal-based electrodes fabricated with different binders are displayed in Fig. 3(a) . The electrodes prepared with PVDF binder (Al-PVDF) and PU binder (Al-PU) produced almost identical charge/ discharge proles. The initial charge and discharge capacities of Al-PVDF were 159.6 mA h g À1 and 153.6 mA h g
À1
, respectively, and those of Al-PU were 157.7 mA h g À1 and 153.6 mA h g À1 , respectively. The rate capability of the two metal-based electrodes was measured at various current densities from 0.1 to 5C, as shown in Fig. 3 
(b).
Even at high C-rates the two metal-based electrodes did not show any distinct difference in capacity, exhibiting only $1.1% difference in discharge capacity at 5C. The cycling stabilities of the metal-based electrodes were tested at a constant current density (0.5C charge/1.0C discharge) and at both ambient (25 C) and elevated (45 C)
temperatures. As shown in Fig. 3 (c) and (d), the electrodes did not exhibit a clear difference in cycling stability aer 100 cycles. The discharge-capacity retention rates (vs. 1 st discharge capacity) of the Al-PVDF and Al-PU electrodes at ambient temperature were 98.1% and 98.3%, respectively. Similarly, there was no distinguishable difference at 45 C, with dischargecapacity retention rates of 94.5% and 95.4% for the Al-PVDF and Al-PU electrodes, respectively. 37 Based on these results, we do not anticipate any signicant problems when using PU as a binder in LIB electrodes and expect that PU will be one of the most promising candidates as an electrode binder for ex-LIBs owing to its unique soness and exibility.
Mechanical properties and micro-structure of the freestanding electrodes
Photographs of the free-standing electrode fabrication procedure are shown in Fig. 4 . Aer casting on the glass substrate, the slurry containing 11.5 wt% of PVDF (FS-PVDF11.5-CNT50) cracked during drying of the solvent (NMP) (Fig. 4(a) ). It was impossible to further analyse this electrode due to its poor mechanical properties. Conversely, the slurry containing an equivalent amount of PU (FS-PU11.5-CNT50) produced a smooth electrode without cracks, and the lm was very easily detached from the glass substrate.
38 FS-PU11.5-CNT50 exhibited excellent mechanical stability even under folding. A free-standing electrode could be usually obtained only when using >20 wt% of PVDF binder. These results indicate that PU can form exible free-standing electrodes with much smaller amounts of binder than PVDF, which makes it possible to prepare high-energy-density exible electrodes. Fig. 5 (a-c) shows scanning electron micrographs of the FS-PU11.5-CNT50 electrode. The LCO and Super P particles are uniformly distributed along the network provided by the MWNTs and PU throughout the electrode (Fig. 5(a) and (b) ). The uniform distribution was also conrmed by a cross-sectional area micrograph of the electrode (Fig. 5(c) ). In contrast, many pores were observed among the homogeneously-dispersed LCO and Super P particles on the free-standing electrode without MWNTs (FS-PU11.5-CNT00), both in the surface and crosssectional micrographs (Fig. 5(d)-(f) ). These pores are expected to prevent electron transport within the electrode and adversely affect its mechanical properties.
We also compared the tensile strength and electronic conductivity of the free-standing electrodes and found that adding MWNTs had a clear effect. Stress-strain curves of the free-standing electrodes are presented in Fig. 6(a) ; it is evident that adding MWNTs improves the mechanical properties of the electrode. FS-PU11.5-CNT00 showed only 13.1% elongation at a tensile stress of 3.73 MPa, while FS-PU11.5-CNT50 exhibited 24.9% elongation at the same load and broke at 4.63 MPa. In other words, we found that adding MWNTs to the free-standing electrode doubled the tensile strain of the electrode at the maximum load. As mentioned previously, the FS-PU11.5-CNT00 electrode contains abundant pores, which prevent close contact between the binder and active material and reduce the binding area ( Fig. 5(e) ), thus diminishing the mechanical properties of the electrode. Meanwhile, fewer pores are found in the freestanding electrode containing MWNTs, such that the PU and MWNTs contact over a large area in a dense structure (Fig. 5(b) ) and, thus, enhance the mechanical strength. [39] [40] [41] The difference in structure is believed to be closely associated with the excellent mechanical strength of the FS-PU11.5-CNT50 electrode.
We also found that adding MWNTs increased the electronic conductivity of the free-standing electrode, as shown in Fig. 6(b) . FS-PU11.5-CNT50 exhibited an electronic conductivity of 2.73 S cm À1 , which is approximately 4.5 times that exhibited by FS-PU11.5-CNT00.
35,36,38
The excellent elongation properties of the free-standing electrode indicate an enhanced impact performance against impact strength and this impact resistance demonstrates that the free-standing electrodes have good toughness. 37 The good mechanical properties of the free-standing electrode induced by the PU binder and MWNTs lower the risk of it being damaged by external force and increase the electronic conductivity, which makes the free-standing electrode containing MWNTs and PU binder appropriate for use in ex-LIBs.
Electrochemical properties of the free-standing electrodes Fig. 7(a) and (b) shows the effect of MWNT addition on the rate capability of the free-standing electrode, as measured by varying the current density from 0.1 to 2C. We found that the initial capacities at low current density are similar irrespective of the presence of MWNTs. However, FS-PU11.5-CNT50 displayed a greater overpotential in the early stages of charging and delivered a higher capacity over a wide range of discharge current densities. FS-PU11.5-CNT50 retained a high discharge capacity of 101.08 mA h g À1 at 2C, while FS-PU11.5-CNT00 delivered only 36.5 mA h g À1 .
From these results, we believe that the increased electronic conductivity induced by MWNT addition improves the rate capability of the free-standing electrodes.
The cycling stability of the free-standing electrodes was tested at constant charge and discharge current densities of 0.5C and 1C, respectively, and ambient temperature; the results are displayed in Fig. 7(c) . The cycling stability greatly improved upon addition of MWNTs to the electrode. The FS-PU11.5-CNT50 electrode retained 94.29% of its initial capacity aer 100 cycles, while the retention rate of the FS-PU11.5-CNT00 electrode was only 85.40%. This difference is related with the non-uniform distribution of the conductive agent. 42, 43 It is most difficult to obtain the uniform distribution of nanometer sized Super P and this results in severe polarization and capacity loss.
We adjusted the amount of PU binder in the electrode to examine its effect on the mechanical strength, electronic conductivity and electrochemical performance. The amount of PU in the free-standing electrodes was varied from 11.5 to 24.6 wt%, with the full electrode compositions listed in Table 1 . The amount of conductive agent was maintained almost constant to control its effect on the electrochemical performance. Fig. 8(a) represents the electronic conductivity of the freestanding electrodes with different PU contents. We found that the conductivity increases with decreasing content of the binder. Liu et al. have reported that free polymer which is not immobilized on the surface of conductive carbon or active material plays a great role in determining the electronic conductivity of the electrodes. 44 In this study, enough free polymer is expected to exist among the particles of the active material and conductive carbon in the electrode as the binder content is at least 11.5 wt% and the fraction of the active material is in the range of 65-77 wt%, which is not so high content to cause the aggregation of the conductive carbon particles stripping the xed binder layer on the surface of carbon particles. In this case, the excess free polymer is expected to exert an impedance effect on the surface of the active material to slow down the lithium-ion transport at the interface as described in the literature. We also prepared free-standing electrodes at lower PU content than 11.5 wt% (5.0 and 8.0 wt%) and measured the electronic conductivity of these electrodes. The free-standing electrode with 8.0 wt% of PU content showed slightly higher conductivity than that with 11.5 wt% but we could not measure the conductivity at 5.0 wt% of PU content because the electrode was too weak to fabricate a free-standing electrode.
Stress-strain curves of the free-standing electrodes with varying amount of PU are presented in Fig. 8(b) . It was found that the mechanical strength of the free-standing electrode was enhanced with increasing amount of the binder content. The role of the free binder content is also believed to be very important to determine the mechanical properties of the electrode even though the effect is difficult to be quantitatively evaluated. At high PU content, the amount of free polymer increases and it would contribute to enhance the mechanical strength including the tensile strength and resistance against bending and folding while lowering the electronic conductivity.
From these results, we found that the formulation and distribution of the binder signicantly affect the mechanical strength and electronic conductivity. Fig. 9(a) shows the initial discharge capacity of the freestanding electrodes with varying amounts of PU. Decreasing the amount of PU from 24.6 wt% to 17.9 wt% resulted in an increased discharge capacity from 142.26 mA h g À1 to 151.30 mA h g À1 . Further decreasing the amount of PU did not appear to inuence the discharge capacity; FS-PU11.5-CNT50, FS-PU17.9-CNT50, and FS-PU20.7-CNT50 displayed similar capacities of approximately 151 mA h g À1 . Fig. 9(b) displays the discharge capacities of the freestanding electrodes containing different amounts of PU at various current densities. Similar to the trend seen at low current density, the electrode with the lowest PU content clearly displayed the highest discharge capacity at all tested current densities. FS-PU20.7-CNT50 showed slightly a lower discharge capacity than FS-PU11.5-CNT50 and FS-PU17.9-CNT50 at the low current density of 0.1C but it exhibited a similar performance to FS-PU24.6-CNT50 at increased current densities. The intrinsically high resistance of PU may be the cause of the low discharge capacities seen in the high-PU-content free-standing electrodes. Fig. 9(c) shows the cycling stability of the free-standing electrodes with different PU contents. Similar to the rate capability results, the capacity retention rate of the free-standing electrodes aer 100 cycles increased from 84.54% to 97.49% on decreasing the amount of PU from 24.6 wt% to 17.9%. FS-PU11.5-CNT50 showed a slightly smaller capacity retention rate ($94.29%) than that of FS-PU17.9-CNT50. The freestanding electrodes with PU contents >20 wt% also displayed unstable cycling.
In order to validate the practicability of the free-standing electrodes, we calculated their energy densities and compared them with those of the Al-PVDF metal-based electrode; the results are shown in Table 3 . When calculating energy densities, the weight of the Al was included for Al-PVDF, while the weight of current collector was excluded for the PU-based free-standing electrodes. The energy density of the FS-PU11.5-CNT50 electrode is comparable to that of the Al-PVDF electrode and it decreased with increasing PU binder content. Given that the free-standing electrodes are not optimally designed, there is room for further improvement in their energy density. Increasing the thickness of the free-standing electrodes would result in lower energy densities than the metal-based electrode, because they have a lower active-material (LCO) loading level compared with the metal-based electrode. Therefore, we expect that the free-standing electrodes would have greater energy densities than the metal-based electrode when the electrodes are thin. However, we also need to nd other ways to raise the loading level of the free-standing electrodes.
We measured the charge/discharge capacity of the cell fabricated with the free-standing electrode that was folded 10 times to examine the tolerance of the electrodes to repeated folding. As can be shown in Fig. 10(a) , we could not found any distinct difference in capacity aer folding. At the same time, we also measured the electronic conductivity of the free-standing electrode aer 10 times of folding or stretching and the data are shown in Fig. 10(b) . The electronic conductivities of the freeelectrodes almost did not change aer folding or stretching as can be seen in this gure.
Finally, we fabricated a full cell with the FS-PU11.5-CNT50 freestanding electrode and used it to light an LED (Fig. 11) . We used a graphite anode that was prepared in the same way as the cathode. PU was used as the anode binder and MWNTs were also added to the anode. The LED was lighted by the full-cell even when bent.
These results led us to conclude that PU is a very promising binder for ex-LIBs because free-standing electrodes can be prepared with a much lower binder content when using PU instead of PVDF; PU also imparts excellent mechanical strength to the electrodes. Adding MWNTs to the free-standing electrodes overcomes the intrinsically poor electronic conductivity of PU. We believe that this study will contribute to the commercialization of ex-LIBs, though further efforts should be made to optimize various parameters including the electrode design and formulation.
Conclusions
Free-standing electrodes for use in ex-LIBs were fabricated using a PU binder and LCO active material. The electrode slurry was prepared by simple ball-milling in THF. We obtained the free-standing electrodes by casting the slurry on a glass substrate and then peeling off aer drying. The tensile strength, bendability, and foldability of the electrodes were tested; the results indicated that the electrodes were mechanically robust. Adding MWNTs also provided the freestanding electrodes with good electrochemical properties including reversible capacity, rate capability and cycling stability which were comparable to metal-based electrodes. The free-standing electrode with added MWNTs exhibited a discharge capacity almost 3 times higher than that in the absence of MWNTs at a high current density of 2C. Adding MWNTs also improved the cycling stability by approximately 9% compared to the electrode without MWNT. We think that the network provided by uniform distribution of the MWNTs and PU is crucial to the enhanced mechanical strength and electronic conductivity. The FS-PU11.5-CNT50 electrode exhibited a tensile strength and an electronic conductivity that were 2 times and 4 times, respectively, higher than those of the FS-PU11.5-CNT00 electrode. The excellent mechanical and electrical properties resulted in the outstanding exibility and electrochemical performance of the free-standing electrodes. From this study, we believe that free-standing electrodes fabricated with PU and MWNT are the most suitable for use in ex-LIBs.
